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Direct Determination of Grain Boundary
Atomic Structure in SrTiO,

M. M. McGibbon,* N. D. Browning, M. F. Chisholm,
A. J. McGibbon, S. J. Pennycook, V. Ravikumar, V. P. Dravid

An atomic structure model for a 25° [001] symmetric tilt grain boundary in SrTiO, has been
determined directly from experimental data with the use of high-resolution Z-contrast
imaging coupled with electron energy loss spectroscopy. The derived model of the grain
boundary was refined by bond-valence sum calculations and reveals candidate sites for
dopant atoms in the boundary plane. These results show how the combined techniques
can be used to deduce the atomic structure of defects and interfaces without recourse
to preconceived structural models or image simulations.

Internal interfaces, such as grain bound-
aries, have a pervasive influence on a vari-
ety of macroscopic properties and phenom-
ena (1). Although it is well accepted that
the atomic structure of interfaces does dic-
tate the behavior of the bulk, the details of
this relation are far from clear. One such
model electroceramic system in which grain
boundary phenomena control a variety of
electrical properties, such as nonlinear cur-
rent-voltage characteristics (2, 3) is SrTiO;.
The explanation for the electrical activity
of grain boundaries is largely phenomeno-
logical, and there is considerable debate
whether the electrical properties can be
rationalized in terms of acceptor states at
the grain boundary core (4-6). Thus, de-
termining the atomic structure-property re-
lation for individual grain boundaries in
such systems is of considerable significance
(7, 8). As a first step toward this goal, we
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have initiated a study of SrTiO; bicrystals
that limits the number of degrees of free-
dom associated with the interface and pro-
vides a realistic opportunity to probe the
structure-property relation for single isolat-
ed boundaries (9).

To determine the atomic and electronic
structure of the grain boundary on an atom-
ic scale, a technique is required that probes
both composition and chemical bonding
with atomic resolution. Here we present a
detailed atomic structure model for an un-
doped grain boundary in SrTiO;, made pos-
sible by combining high-resolution Z-con-
trast imaging to locate the cation columns
at the boundary, with simultaneous electron
energy loss spectroscopy to examine light-
element coordination at atomic resolution.

High-resolution Z-contrast imaging in
the scanning transmission electron micro-
scope (STEM) provides an incoherent im-
age in which changes in atomic structure
and composition across an interface can be
interpreted directly without the need for
preconceived atomic structure models (10).
Provided the incident electron probe is
smaller than the lattice spacing (for a sam-
ple oriented to a major zone axis), the
current can be channeled along a single
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Fig. 1. (A) Z-contrast image of a 25° [001] tilt
boundary in an SrTiO4 bicrystal, with (B) the max-
imum entropy object function providing scattering
intensities and coordinates of the Sr and Ti atomic
columns directly from the image.

atomic column. Because the probe is
scanned, the resultant image is a map of the
columnar scattering power that in turn de-
pends on the atomic number, Z, of each
column. The spatial resolution is primarily
limited by the probe size of the STEM [2.2
A in our case, using a VG Microscopes
HB501UX (Sussex, United Kingdom)] be-
cause beam spreading is reduced, even in
thicker samples, by the channeling effect
(11, 12). Because the Z-contrast image is
formed by electrons scattered through high
angles, parallel detection electron energy
loss spectroscopy (PEELS) can be used si-
multaneously to provide complementary
chemical information on an atomic scale
(13, 14). The fine structure in the energy
loss spectra can be used to investigate the
local electronic structure and the nature of
the bonding across the interface (15, 16).
The power of combining Z-contrast imag-
ing and PEELS to solve the atomic and chem-
ical structure of grain boundaries is demon-
strated here in the study of an undoped
SrTiO; bicrystal purchased from Shinkosha,
Ltd,, Tokyo, Japan. Specimens with the
boundary parallel to the beam direction were
prepared for electron microscopy by mechan-
ical polishing and ion-beam thinning. Figure
1A shows a Z-contrast image from a symmet-
ric portion of a 25° [001] tilt boundary. At
room temperature, SrTiO; has a cubic perov-
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Fig. 2. A comparison of (A) Ti L,5 spectra and (B)
O K edge spectra acquired at the grain boundary
and in the bulk of an SrTiO bicrystal, showing that
the octahedral Ti-O coordination is maintained
across the boundary. Both the Ti and O spectra
have been smoothed.

skite structure (space group Pm3m) with a
lattice parameter of 3.905 A. The brighter
spots in the image correspond to the strongly
scattering Sr columns (Z = 38), with the less
bright spots corresponding to the lighter Ti-O
columns (Z = 22 for Ti and 8 for O). The
pure O columns are not visible. We applied
the maximum entropy image analysis tech-
nique (17, 18) to Fig. 1A to enhance its
resolution and to determine the positions and
intensities of each atomic column from the
image (Fig. 1B) (19). The coordinates of the
Sr and Ti-O columns are determined directly
from the maximum entropy object function
without the need for a reference atomic mod-
el, as is necessary in other structure determi-
nation techniques such as phase contrast
high-resolution electron microscopy and x-
ray diffraction. The error associated with the
determination of individual atomic coordi-
nates was ~5% (0.2 A). In addoition, we
estimate a systematic error of ~0.2 A due to a
10-mrad tilt between the two halves of the
bicrystal. This tilt effect and changes in spec-
imen thickness result in the long-range vari-
ations in the intensity of the Z-contrast image
shown in Fig. 1A. However, the short-range
variations in intensity due to differences in
the scattering cross section between the Sr
and Ti-O columns always remain intuitive on
the local scale.

[ ) Sr columns ®
S lsemed + 0coums
e Half-occupied b4

O columns

The misorientation between the two
grains in the bicrystal was measured directly
from the Sr and Ti column coordinates (Fig.
1B) to be 25° = 1°. The boundary is sym-
metrical with a (920)-type boundary plane
common to both crystals, which corre-
sponds to a % = 85 (920) symmetrical tile
grain boundary in coincident site lattice
notation. The Sr and Ti-O column coordi-
nates in the maximum entropy object func-
tion of Fig. 1B give direct information on
the rigid body translation and the grain
boundary expansion present at this inter-
face. No in-plane rigid body shift is ob-
served along the common (920) boundary
plane within the 0.2 A accuracy of the
atomic column positions. By constructing a
series of corresponding (920) planes in each
unit cell across the grain boundary, we mea-
sured an expansion of 0.6 = 0.2 A normal
to the boundary plane (20). Any distortions
from cubic symmetry visible in the bulk
lattice are due to an image artifact and are
not real shear distortions in the crystal.

Whereas the coordinates of the Sr and
Ti-O columns can be determined directly
from the Z-contrast image, there is no in-
formation on the position of the O col-
umns. However, use of the Z-contrast image
to position the probe accurately at the grain
boundary for simultaneous PEELS acquisi-
tion allows the fine structure within the
PEELS edges to be used to investigate the O
and Ti bonding at the boundary (20). Series
of Ti and O spectra were acquired at unit
cell intervals (~4 A) across the SrTiO;
grain boundary. To reduce the dose on a
single atomic column, the spectra were ac-
quired while the probe was rapidly scanned
along a line parallel to the interface, thus
retaining atomic resolution normal to the
interface. The exposure time for the Ti L,3
edge was limited to 2 s and for the O K edge
it was limited to 5 s to minimize specimen
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Fig. 3. A repeat unit of
the grain  boundary
structure model deter-
mined by a combination
of the structural informa-
tion from the Z-contrast
image and the Ti-O coor-
dination deduced from
PEELS. The O atom po-
sitions were refined by
bond-valence sum cal-
culations evaluated over
all atoms shown.

Ti-O columns

Missing Ti-O columns

drift (~2 to 3 A/min). By collecting two
spectra at each point it was possible to
determine that no beam damage occurred
during acquisition, allowing the spectra to
be summed to improve counting statistics.

The Ti L,5; and O K edges acquired in the
bulk and at the grain boundary are compared
in Fig. 2. The first peak of each edge arises
from transitions to a 7* anti-bonding level
between O 2p and Ti three-dimensional
states, and the second peak arises from tran-
sitions to a o* anti-bonding level (21). Pre-
vious studies have shown that the Ti L,; fine
structure is sensitive to the Ti coordination
(22). Because we probed the unit cells form-
ing the boundary plane and found no signifi-
cant change, we conclude that the Ti atoms
remain octahedrally coordinated to O across
the grain boundary. The broadening of the 7*
and the o* peaks at the boundary reflects a
broadening of the corresponding energy levels
due to distortion of the Ti-O bonds across the
grain boundary. In addition, because no
chemical shift is observed in the Ti edge onset
in Fig. 2A, we conclude that the Ti valency in
SrTiOj; remains 4+ across the grain boundary
region (23, 24). In the O K edge spectra from
the grain boundary (Fig. 2B) the increased o*
intensity relative to 7* may also be attributed
to the disrupted linear Ti-O coordination
across the boundary (25). Therefore, we con-
clude that although the O-Ti-O bonds are
distorted across the boundary plane, Ti re-
mains octahedrally coordinated by O.

By combining this information on Ti-O
coordination with the Sr and Ti-O column
positions determined from the Z-contrast
image, one can propose a model for the
grain boundary structure (Fig. 3) directly
from the experimental evidence. The grain
boundary repeat structure consists of four
triangular Sr subunits (shown in bold in Fig.
3) separated by a single distorted SrTiO;
unit cell. Note the close proximity of the
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hatched Sr columns in the Sr subunits,
which are significantly below the lowest
Sr-Sr distances commonly found in other
compounds. The presence of these two Sr
columns cannot be explained by factors
such as specimen tilt or grain boundary
steps, which indicates that these columns
cannot be fully occupied. This observation
is consistent with the reduced density at the
grain boundary noted in studies by Merkle
and Smith (26) in NiO and by Fonda and
Luzzi (27) in NiAl. The simplest explana-
tion is that each column is alternately oc-
cupied through the thickness of the sample
because this occupation preserves the Sr-Sr
spacing at ~4 A. Because the Z-contrast
image is incoherent it would still image two
distinct atomic columns in such a case, each
having reduced intensity, as is found ex-
perimentally. However, it is not possible
to obtain precise atomic column occupan-
cies directly from their intensities because
of a number of second-order effects near
the boundary plane (28). In addition, two
of the four subunits in Fig. 3 contain
missing Ti-O columns. These Ti and O
vacancies appear to occur randomly in all
of the symmetric regions of the grain
boundary studied, and an equal popula-
tion of subunits with and without the
Ti-O columns preserves grain boundary
stoichiometry. No evidence of structural
multiplicity was observed in any of the
symmetric regions of the grain boundary
examined.

To test the validity of this observation
and the proposed structural model, bond-
valence sum calculations were performed
(29, 30). In these calculations, the contri-
bution of a particular bond to the formal
valence of each of the atoms involved in
the bond is calculated from the bond
length. With the coordinates of the metal
columns determined from the maximum
entropy object function, the oxygen column
positions were refined to maintain charge
neutrality with the correct valence on all
the atoms. We have assumed the atoms to
be confined to their respective {001} planes.

Fig. 4. The grain boundary struc-
ture model of Fig. 3 overlain the
maximum entropy image (the ob-
ject function convoluted with a nar-
row Gaussian). The half-occupied
Sr columns (hatched circles) and
Ti-O column vacancies provide
candidate sites for dopant atoms.

O sr
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It was necessary, in isolated cases, to adjust
the positions of the metal columns to en-
sure that the valence on any individual site
did not vary by more than 0.5 from the
average valence. However, these move-
ments were less than the 0.2 A positional
error in the coordinates, as can be seen from
a comparison of the grain boundary struc-
ture model and the maximum entropy im-
age (Fig. 4). In this manner, the average
valencies and standard deviations in the
structural unit were found to be 2.11 = 0.23
for Sr, 4.08 = 0.24 for Ti, and 2.08 * 0.29
for O, which agree well with the values
calculated for the bulk material [Sr = 2.11,
Ti = 4.14, and O = 2.08, from the param-
eters given in (29)]. Although bond valence
sums alone cannot determine the reason for
the missing Ti-O columns, the Ti-O col-
umns in the adjacent unit cells relax, which
is consistent with preserving charge neu-
trality at the grain boundary.

The combination of the cation coordi-
nates obtained from the Z-contrast image
with the Ti-O coordination from PEELS
allows a grain boundary structure model
to be derived directly from experimental
data. The position of the O atoms in this
model structure were then refined with
bond-valence sum calculations. The half-
occupied Sr columns represent attractive
sites for large dopants that substitute for
Sr, whereas the Ti and O vacancies are
likely sites for smaller dopant atoms. Be-
cause the surrounding atoms are seen to
relax to accommodate the presence or
absence of the Ti-O columns, these sites
could accommodate dopants of different
valence. Our model could form the basis
of a detailed theoretical investigation of
such possibilities, and the role of dopants
and processing in the development of the
grain boundary potential barriers could
then be examined. We believe that fur-
ther structural studies in conjunction
with electrical characterization could fi-
nally elucidate the structure-property re-
lations for grain boundaries in electronic
ceramics.

O Ti-O go
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